ABSTRACT: In this paper, we proposed a new method to identity the combinatorial effects of histone modifications based on rough set theory. This method firstly apply attribute reduction algorithm of rough set theory, then apply association rule mining to identify the combinatorial effects of histone modifications. There are two advantages of this method: First, for a few modification sites, it can reduce amount of calculation for succeeding association rule mining. Second, for a large amount of modification sites, it can overcome the shortcomings which previous algorithm cannot handle more modification sites.
BACKGROUND
Eukaryotic DNA is packaged into a chromatin structure which consists of nucleosomes formed by wrapping 147 base pairs of DNA around an octamer of four core histones (H2A,H2B,H3,and H4) (Barski et al., 2007) . The histones are subject to a large number of post-translational modifications (PTMs), including methylation and acetylation, which occur mainly at their N-terminal tails and affect transcription of genes. Acetylation is generally associated with transcriptional activation while methylation is associated with either repression or activation depending on its positon and state. Histone methylations are relatively stable among the various modifications and are therefore considered potential marks for carrying the epigenetic information (Barski et al., 2007) .
Histone modifications can influence gene expression and genome function by establishing global chromatin environments in combinatorial patterns. So here comes the histone code hypothesis, which suggests that multiple histone modifications act in a combinatorial way to specify distinct chromatin states (Wang et al., 2008) .
Many experimental techniques have emerged to study histone modifications, such as chromatin immunoprecipitation (Chip), ChIP followed by amplification and microarray hybridization (Chipchip), mass spectrometry (MS) and high-throughput sequencing technologies. Also, there are many methods proposed to analyze the relationships between histone modification sites, such as clustering analysis, correlation analysis, Bayesian network, etc (Kundaje et al., 2015; Leung et al., 2015) .
In the previous study (Wang et al., 2010) , we proposed a new method which could extract combinatorial effects of histone modifications using association rule mining. Then we applied the proposed methodology to Pokholok et al.'s data (Pokholok et al., 2005 ) with 8 sets of histone modifications and Kurdistani et al.'s data (Kurdistani et al., 2004 ) with 11 histone acetylation sites. Though the previous method succeeded in extract some interesting patterns of histone modifications some of which were supported by literatures, there are some limitations. In short, if we increase the number of histone modifications, it would increase the amount of calculation sharply, and even worse, it doesn't work for much more modification sites. Therefore, the limitations prevent us from applying the previous method to more complex higher organism with more histone modification sites, and we urgently need an improved method to solve this problem.
In this paper, we proposed a new method to identity the combinatorial effects of histone modifications based on rough set theory. This method firstly apply attribute reduction algorithm of rough set theory, then apply association rule mining to identify the combinatorial effects of histone modifications. There are two advantages of this method: First, for a few modification sites, it can reduce amount of calculation for succeeding association rule mining. Second, for a large amount of modification sites, it can overcome the shortcomings which previous algorithm cannot handle more modification sites.
MATERIALS AND METHODS

Data preparation
In this paper, datasets analyzed include histone modification, gene expression, and transcription factor binding activity data. The first histone acetylation data analyzed in this paper is from Kurdistani et al (2004) (Kurdistani et al., 2004) . This data set includes measurements of the acetylation levels at 11 different sites (H4K8, H4K12, H4K16, H3K9, H3K14, H3K18, H3K23, H3K27, H2AK7, H2BK11, H2BK16). Since the acetylation levels of histones are affected by the occupancy of nucleosomes in that region, the acetylation data were divided by the average level of H3 and H2A histones from 
Concept descriptions(Yi and Long, 2014)
Rough set theory proposed by Zdzislaw Pawlak in 1982 (Pawlak, 1982 ) is concerned with classification and analysis of imprecise, uncertain or incomplete information, and attribute reduction is important concept in rough set theory and widely used in many fields. In this paper, first, we eliminate some redundant sites through attribute reduction algorithm in rough set theory. Second, we apply association rule mining algorithm to identify the combinatorial effects of histone modifications.
Decision table
Generally, a data table is the 4-tuple
, where U is finite set of objects (universe),
,the subset of is called condition attribute set; the subset of D is called decision attribute set, generally only one decision attribute is considered, i.e.,
(1) Indiscernible relation and partition For a decision table
∪ , then indiscernible relation is defined as follows:
The relation
(2) Knowledge Granularity and Discernibility For a decision table
Granularity is defined as follows:
and Discernibility is defined as
, Significance of Attribute is defined as:
Attribute Reduction Algorithm
Attribute reduction is an import concept of rough set theory. Under most circumstance, there are some irrelevant and redundant attributes in decision table.
To eliminate some attributes, on the one hand could obtain simple decision rules from reductive table; on the other hand, make it easy to proceed data analysis. According rough set theory, attribute reduction algorithms eliminate redundant condition attribute in condition attribute sets at the same time keep the ability of decision-making.
(1) All Attribute Reduction Set For a decision table
,if R is independent of D and
, then R is an Attribute Reduction Set of C with respect to D.
According rough set theory, (2) Significance of Attribute
For a decision table
, then attribute α in C is necessary corresponding to D.
(4) Core The set composed of necessary attribute is called the core of C with respect to D, denoted as
(5) Description of Attribute Reduction Algorithm
According to rough set theory, the core of any decision table is the intersection of all attribute reduction sets which is unique. Therefore the core could be regarded as starting point to solve attribute reduction in attribute reduction algorithm; secondly, keep adding the selected attribute to the core gradually according to amount of change of relative granularity until find out attribute reduction sets. That is to say, let 
For a decision table ,then goto (c).
Steps of improved method
The rationale of our method is that functional histone modification patterns should have following two characters (1) significant EC scores (2) no significant TFs in the promoter region or significant TFs which interact with chromatin modifiers. The method describes as follows: First, we consider various values of modification sites(m) as condition attribute set, and regard gene expression value as decision attribute set, then we apply attribute reduction algorithm mentioned before to eliminate redundant attribute and reduce m attributes to n attributes which is largely less than m, so it can cut down amount of calculation.
Second, we generated 3 n transactions each of which corresponds to a histone modification combination or pattern, where n is the number of histone sites.
Third, we identified M transactions which have significant EC scores among all possible transactions.
Fourth, we determined N 1 +N 2 transactions among M transactions which belong to FMTs.
Finally, we applied association rule mining technology on the N 1 +N 2 transactions. When applying aprioir-like algorithm, association rules were extracted with absolute minimum support of 5 (which correspond to 0.42% of the whole transactions for Poklok et al.'s data, 0.37% for Kurdistani et al.'s data), minimum confidence of 80% and minimum lift (improvement) of 110%. This method extracted association rules from transactions whose target genes has higher EC score and they are mainly regulated by histone modification.
We applied the proposed methodology to two different histone modification data and identified a number of modification combinations some of which are supported by previous studies. And we also gained two different global views of histone modification patterns on two datasets. These new rules provide the foundation for further understanding the roles of combinations of histone modifications in gene expression.
RESULTS
Cross-talk between (H3K9ac|H3K14ac|H4ac), H3K4me2, H3K4me3 and H3K79me3
From rule1 to rule4 ({81,13,63=>51}, {81,13,51=>63},{81,23,51=>63},{81,33,51=>63}), which have a Support of 1.2 and Confidence of 100, we found that there existed a synergic pattern between over-expressed of acetylation of H3 or H4, H3K4me2 [-] (under-expressed of H3K4me2),H3K4me3[+](over-expressed of H3K4me3) and H3K79 [-] .
The above synergic patterns are indispensable to active genes. During gene activation state, TFs at the upstream activator sites recruit positive modifiers, such as histone acetylases (HAT), at the promoter, while DNA-bound RNA polymerase (POL) recruits histone methylases at the ORF (Berger, 2007) . Moreover, modifications that are associated with active transcription, such as acetylation of H3 and H4 or di-or trimethylation (me) of H3K4, are commonly referred to as euchromatin modifications (Li et al., 2007) . Therefore the site of acetylation is necessary, which maybe H3K9ac, H3K14ac, or H4ac. From the rules, we found that H3K9ac, H3K14ac and H4ac seemed to be exclusively, and either of them would be worked. Therefore, H3K4me3[+] and over-expressed level of H3 or H4 acetylation are necessary for active genes. Interestingly, we found that the level of H3K4me3 is over-expressed while H3K4me2 is under-expressed, which is still uncharacterized in previous studies. We also found that H3K4me3 always was associated with H3 or H4 acetylation. The reasons are described as follows: First, H3 acetylation can also promote metylation, as the Gcn5 HAT complex stimulates H3K4 trimethylation in S. cerevisiae, and Methylation of H3K4 may in turn promote H3 acetylation through the binding of Chd1, which is a component of both the yeast SAGA and SLIK HAT complexes; Second, H3K4 methylation may also promote acetylation of H4 in trans (Latham and Dent, 2007) . The above evidence highlights the interplay that can occur between acetylation of H3 or H4, H3K4me2, H3K4me3 and H3K79me3.
Cross-talk involving H3K36me3 and H3K79me3
In the absence of high level of H3K4me3('63') among extracted rules, we found high level of H3K36me3('73') and H3K79me3('83') instead, such as rule14({41,31,73=>83}), rule16({41,33,73,83=>53}) and rule21({41,23,73,53=>83}). H3K36me3 seems to be associated with H3K79me3, both of which are mutually exclusive with H3K4me3. H3K36m3 and H3K79me3 are implicated in activation of transcription, and H3K36me3 is found to accumulate at the 3' end of active genes and is found associated with the serine 2 phosphorylated elongating form of RNA polⅡ (Kouzarides, 2007) . Furthermore, histone H3K36 methylation mediated by Set2 is an important landmark on chromatin during elongation (Li et al., 2007) . Therefore, it is reasonable in some extracted rules. Due to little is known about the function of metylation of H3K79, the exact mechanism by which H3K36me3 cooperates with H3K79me3 remains to be determined.
Cross-talk involving unacetylation of H4K16 and acetylation at other sites
We found that there was a common item (31) from a large majority of extracted rules. Therefore, the item of '31', i.e., unacetylation of H4K16, is important for these histone modifications and plays a special role in transcription. Furthermore, the unacetylated H4K16 has an activating role in euchromatin and a silencing role in heterochromatin may be due to the context of histone acetylation. It appears that unacetylated H4K16 in the context of acetylation at other sites is important for transcription, but unacetylated sites is important for heterochromatin formation (Shahbazian and Grunstein, 2007) . So these extracted rules are consistent with role of H4K16 in the context of acetylation at other sites, such as, H4K8, H3K23, H3K9 and so forth.
CONCLUSION
In this paper we proposed an improved method based previous study based on rough set theory. Though the method achieve similar results compared with previous study, it extend its scope of application with more modification sites in higher organism such as human, and it reduce the amount of calculations. We extract interesting relationships or patterns from two different modification datasets, some of which are supported by literatures. This is an intriguing work which could shed some light on experiment results.
DISCUSSION AND FUTURE WORK
By analyzing patterns extracted from the method, we found a few similar patterns between Saccharomyces cerevisiae and human cells. Maybe there are some common patterns across different species. According to results extracted from the method, we deem that different modification sites exert different influence on gene expression, some are strong, and some are weak, maybe some are null, so they could constitute some patterns to mediate gene expression.
With the development of high-throughput sequencing technologies, a large amount of sequence data are generated at a very rapid speed and substantially lower cost. Therefore, we need more effective and feasible method to analysis these sequence data. In the future, we apply our method to different species, such as Drosophila melanogaster, mouse, or human cells. Through comparisons of patterns among different species, we may acquire common patterns or special patterns unique to particular species. 
